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A  graduate  student(Xiaoli  Tang)  started  on  this  project  on  September  1,  1991. 
Included  in  this  report  are  the  preliminary  findings  concerning  the 
investigation  on  the  nature  of  spray  formed  aluminum-silicon  carbide  based 
metal  matrix  composite.  In  light  of  the  fact  that  grain  boundary  precipitation 
(both  low-angle  and  high-angle)  is  of  the  utmost  importance,  we  have 
examined  the  interaction  between  grain  boundaries  and  the  precipitation  of 
plate-like  phases  in  both  Al-based,  and  other  alloys.  The  results  of  the 
investigation  are  included  as  a  preprint  for  publication  in  the  conference 
proceeding  "ALUMINUM  ALLOYS:  Their  Physical  and  Mechanical 
Properties".  Finally,  an  abstract  of  a  paper  which  will  be  presented  at  the 


American  Society  for  Composite,  Seventh  Technical  Conference  on 
Composite  Materials,  is  included. 
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The  materials  used  in  this  research  were  provided  by  the  Office  of  Navy  research. 
Upon  receiving  these  samples  at  the  beginning  of  last  October,  the  following 
work  has  been  performed. 

1.  Aging  curves  of  8090  control  alloy  and  8090-SiC  composites  at  19Q*C 
The  ultimate  goal  of  this  study  is  to  correlate  the  microstructures  with 
mechanical  properties.  Hence,  it  is  necessary  to  know  the  aging  response  of  both 
the  control  alloy  and  the  composite.  The  aging  kinetics  curves  are  shown  in 

Fig-1. 


Fig.l  Aging  Kinetic  Curves 

In  comparing  the  aging  kinetics  of  8090  control  alloy,  the  addition  of  SiC  doesn't 
change  the  aging  kinetics  and  the  microhardness  appreciably.  Meanwhile,  both 
materials  exhibit  a  double  maxima.  It  can  be  expected  that  the  first  maximum  is 
due  to  the  hardening  effect  of  8'(Al3Li),  the  second  maximum  from  the  effect  of 
S'(Al2CuMg). 

2.  SEM  observations  on  the  size  and  distribution  of  SiC 

SEM  images  of  the  composite  are  shown  in  Fig.2.  From  the  micrograph,  it  can  be 

seen  that: 


a)  the  distribution  of  the  SiC  particles  is  not  uniform.  Some  regions  are  almost 
free  of  SiC  particle,  and  the  other  regions  contain  clusters  of  SiC. 

b)  The  size  of  the  SiC  varies.  Most  of  the  SiC  particles  have  diameters  of  about 
3-4pm,  and  the  rest  are  very  coarse  particles  sized  around  10|im.  The  shape  of 
the  particles  is  irregular. 


Fig.  2  Distribution  of  the  SiC  particles 

Fig.  3  shows  elongated  grains,  and  the  grain  boundaries  are  seen  to  be  decorated 
with  some  precipitates.  In  addition,  some  of  the  rod-like  SiC  particles  are 
oriented  parallel  to  the  long  axis  of  the  grains.  The  latter  is  predominantly 
parallel  to  the  extrusion  direction. 

3.  TEM  observation  of  precipitates  in  the  control  alloy  8090  and  the  8090+SiC 

composite 

The  TEM  sample  of  the  control  alloy  was  prepared  with  a  conventional  electro¬ 
polishing  method.  The  sample  was  twin-jetted  in  a  solution  of  30%  nitric  add 
plus  70%  methanol  at  about  -30°C.  This  method  was  very  effect  for  preparing  the 


Fig.  3  Elongated  grains  and  oriented  precipitates 


TEM  sample  of  the  8090  control  alloy.  The  same  procedure  failed  to  give  a 
satisfactory  sample  of  the  8090-SiC  composite.  The  matrix  was  thinned  but  the 
SiC  particles  were  not.  Hence,  the  interface  of  matrix/SiC  could  not  be  seen 
clearly.  To  make  a  suitable  sample  of  the  composite,  the  ion  milling  was  used. 

To  avoid  the  possible  heating  effect,  in  the  ion  milling  procedure,  on  the  aging 
behavior  of  the  composite,  a  cold  stage,  cooled  by  liquid  nitrogen,  was  used 
when  the  sample  was  prepared. 

In  order  to  observe  the  microstructural  changes  at  the  matrix/SiC  interface,  the 
samples  aged  20  hours  at  190’C  were  first  examined  with  TEM.  According  to  our 
preliminary  observations,  no  obvious  precipitates  existed  at  the  interface  after 
aged  20  hours  at  190°C.  For  both  the  control  alloy  and  composite.  S'  was  the  most 
frequently  observed  precipitate  in  the  matrix.  Fig.4  is  a  DF  image  of  S'  in  th  3 
control  alloy.  It  can  be  seen  that  after  20  hrs.  aging  at  190’C,  the  density  of  8'  is 
very  high.  While  a  6'  PFZ(precipitate  free  zone)  is  obvious  along  the  high  angle 
boundary.  This  means  some  other  precipitates  (most  probably  T2)  formed  at  the 
boundary,  which  consumed  the  5'  next  to  the  high  angle  boundary. 

Fig.  5  is  the  another  DF  image  of  the  same  sample.  From  this  micrograph,  the 
duplex  87  P'  precipitate  can  be  seen  very  clearly.  The  dark  centers  in  the  duplex 
precipitate  is  P',  and  the  8  encapsulates  the  (5'.  This  is  because  the  (5*  forms 
during  solidification  process.  Since  the  crystal  structures  and  the  parameters  of 
P'  are  very  close  to  those  of  8',  the  interface  of  P7  matrix  is  an  effective  site  for  the 


Fig.  4  8'  in  the  control  alloy  aged  at  190°C  for  20  hrs.  A  8'  PFZ  along  the  high 

angle  boundary  is  very  obvious. 


Fig.  5  8'/P'  complex  precipitates  in  the  control  alloy  aged  at  190°C  for  20  hrs.  8’ 
free  region  near  the  top  of  the  picture  is  due  to  the  existence  of  T2. 


nudeation  and  growth  of  8'.  Towards  the  top  of  this  picture,  there  is  a  8'  free 
region,  which  is  caused  by  a  T2  precipitate.  In  the  BF  image  from  the  same 
region(see  Fig.6),  the  T2  predpitate  can  be  seen  dearly.  Note  that  the  T2  partide 
has  transformed  to  a  microcrystalline  aggregate. 


Fig.  6  BF  image  of  T2.(from  the  same  region  shown  in  Fig.  5) 


Fig  7  is  another  BF  image  of  the  control  alloy  which  shows  that  plate-like 
precipitates  have  formed  after  20  hours  aging.  The  streaks  accompanying  the 
diffraction  pattern  indicate  that  the  precipitates  are  S'.  Fig.8  is  a  diffraction 
pattern  of  the  control  alloy.  The  streaks  in  <201>  direction  are  from  the  S'  phase. 
The  streaks  from  0’  and  Ti  can  be  seen  in  some  other  diffraction  patterns. 


Eg.  7  BF  image  of  plate-like  precipitates  in  the  control  alloy 
aged  at  190*C  for  20  hrs. 


Fig.  8  A  diffraction  pattern  from  the  control  alloy  aged  at  190°C  for  20  hrs.  The 
main  Lipots  are  from  matrix  and  8',  and  the  striaks  in  <201>  direction  are  from  S . 


Fig.  9  BF  imaged  from  the  same  region  as  Fig.  8 
(control  alloy  aged  20  hrs.  at  190°C) 


Fig.  9  is  a  BF  image  from  the  region  which  yields  the  diffraction  pattern  of  Fig.  8. 
The  spherical  precipitates  are  5'  and  the  plate-like  phases  are  S'. 


Fig.  10  is  a  DF  image  of  0’  from  the  control  alloy.  Note  the  low  volume  fraction  of 
the  phase. 
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Fig.  10  DF  image  of  0'  from  the  control  alloy  aged  at  190°C  for  20  hrs. 


The  composite  has  been  also  examined  with  TEM.  The  5'  distribution  is  shown  in 
Fig.  11.  Compared  to  the  control  alloy,  the  density  of  5'  in  the  composite  is  lower. 


Fig.  11  DF  image  of  8’  in  the  composite  aged  at  190‘C  for  20  hrs. 


xth 


Due  to  the  high  dislocation  density  in  the  matrix  of  composite,  the  contrast  in  BF 
mode  is  very  complex,  no  precipitates  can  be  identified  clearly  in  the  BF 
image(see  Fig.  12). 


Fig.  12  BF  image  from  the  matrix  of  the  composite,  aged  at  190"C  for  20  hrs. 


Proposed  Research  Program 

Over  the  next  twelve  months,  the  microstructure  of  the  composite  and 
control  alloys  will  be  fully  characterized  both  qualitatively  and  quantitatively. 
We  will  also  seek  to  answer  the  following  question:  Why  are  the  aging 
kinetics,  and  peak  hardness  of  the  two  materials,  virtually  identical.  One 
plausible  hypothesis  concerns  offsetting  influences  of  the  SiC  particles.  On 
the  one  hand,  precipitation  at  the  SiC  interface  may  tend  to  render  the 
composite  less  age  hardenable.  Conversely,  the  higher  dislocation  density  in 
the  composite  could  well  facilitate  the  formation  of  e.g.,  0',  Tl  and  S’.  Hence, 
one  of  our  major  aims  is  the  quantitative  analysis  of  the  precipitation  of  these 
plate-like  phases. 


To  be  published  in  The  3rd.  International  Conference  on  ALUMINIUM  ALLOYS 
:  Their  Physical  and  Mechanical  Properties 
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INTRODUCTION  AND  BACKGROUND 

The  nucleation  of  plate-like  phases  at  grain  boundaries  had  been  known  to  occur  for  a  long  time. 
For  example,  Vaughan  [1]  investigated  an  Al-Cu  alloy  in  detail,  and  found  that  9*  formed, 
predominantly  at  low  angle  boundaries  and  that  the  number  density  of  precipitates  decreased  as  the 
angle  of  misorientation  increased.  In  addition,  Vaughan  documented  a  single  orientation  of  0'  on  a 
given  segment  of  boundary  and  reported  that  this  single  variant  minimized  the  angle  between  the 
habit  plane  ({001  }a  II  {001 )  q  )  and  the  local  boundary  plane.  It  was  suggested  that  this  orientation 
formed  since  it  produced  the  largest  reduction  in  strain  energy;  a  claim  that  was  substantiated  by 
subsequent  elastic  energy  calculations  [2].  Aaronson  et  a!.,  [3]  summarized  the  available  data  up  to 
(1971)  and  concluded  that  for  misorientations  less  that  10°  only  primary  sideplates  (Widmanstatten 
plates)  formed.  Table  I  (modified  from  reference  [3])  lists  the  systems  for  which  plate  like  phases 
had  been  found  to  nucleate  on  low-angle  grain  boundaries. 


Table  1.  Systems  in  which  Plate-Like  Precipitates  form  on  Low-Angle  Grain  Boundaries 

(Modified  from  f3]) 

Alloy 

Precipitate 

Angular  Ranee 

Al-4%  Cu 

9'  (complex  bet) 

0-12° 

Fe  -0.29%C 

a (bcc) 

- 

Al-18%  Ae 

Y (hep) 

0-17° 

Ae-5.6%  AI 

B  (bcc) 

0-14° 

Al-6.7%  Zn 
-2.5-3%  Me 

lY  (hep) 

- 

Co-20%  Fe 

a (bcc) 

- 

In  1975,  Lee  and  Aaronson  [4.5]  presented  a  careful  mathematical  analysis  on  the  effect  of  faceting 
on  grain  boundary  precipitation,  and  showed  that  as  the  angle  between  the  habit  plane  and  the  grain 
boundary  plane,  (0),  decreased,  then  so  did  the  energy  barrier  to  nucleation  (AG*).  Figure  1  is  a 
modified  version  of  one  of  Lee  and  Aaronson's  plots  of  AG*/AG*S  as  a  function  of  0  (where  AG*S 
is  the  energy  barrier  for  nucleation  for  an  unfaceted  allotriomorph).  Note  that  AG*  shows  a  rapid 
increase  with  0,  particularly  when  the  relative  interfacial  energy  of  the  facet  (habit  plane)  is  small. 

In  Lee  and  Aaronson’s  papers,  the  simplifying  assumption  of  ignoring  strain  energy  was  invoked, 
and  minimization  of  interfacial  free  energy  was  the  major  criterion.  In  (1986),  Park  and  Ardell  [6] 

interpreted  their  results,  on  the  grain  boundary  precipitation  of  the  T|  phase  in  a  commercial  A1  alloy 
(7075),  in  terms  of  the  analyses  presented  in  refs.  [4,5].  However,  it  was  also  noted  in  [6]  that, 

for  low  angle  grain  boundaries,  the  r|  precipitates  adoped  "well  defined  plate  shaped 
morphologies." 


FIG  1.  The  energy  barrier  to  nucleation  for  a  faceted  gram  boundary  nucleus  as  a  function  of  0 

c 

(Adapted  from  Lee  and  Aaronson  [5].  The  four  curves  are  for  different  values  of  y  p/yap 


where  Yap  is  the  facet  energy. 


FIG  2.  Precipitation  of  Tj  and  9’  on  sub- boundaries,  a)  Ti  centered  dark  field  (CDF)  image  b) 
9'  CDF  image 


More  recently,  Luo  and  Weatherly  [7]  and  Monzen  and  Kitagawa  [8]  analyzed  the  nucleation 
behavior  of  b.c.c.  precipitates  on  grain  boundaries  in  an  fee  matrix.  In  both  instances,  faceting  of 
the  precipitates  was  observed  and  the  habit  planes  were  quoted  as: 

{121 ) f  1 1  {312}*  ref.  [7] 

{llljf  M  {110)b  ref.  [8] 

Where  the  subscripts  f  and  b  refer  to  fee  and  bee  respectively.  Both  studies  presented  results 
which  were  fully  consistent  with  the  theoretical  predictions  of  Lee  and  Aaronson  [4.5]  in  that  for 
general  high  angle  grain  boundaries: 

(i)  the  variant(s)  adopted  on  any  given  boundary  was  that  which  was  characterized  by 
the  smallest  angle  between  the  habit  plane  and  local  boundary  plane  and, 

(ii)  as  the  angle  between  the  low  energy  facet  and  the  boundary  plane  increased,  the 
number  density  of  the  precipitates  decreased. 

From  the  above,  it  would  appear  that  there  are  two  conflicting  viewpoints  concerning  the  efficacy 
of  low  and  high  angle  grain  boundaries  as  nucleation  sites  for  plate- like  precipitates.  The  results  of 
e.g.,  Vaughan  [1]  show  that  as  the  angle  of  misorientation  increases,  then  the  nucleation  frequency 
decreases,  whereas  the  result  of  e.g.,  Monzen  and  Kitagawa  [8]  show  the  reverse  trend. 

In  the  present  paper,  grain  boundary  precipitation  of  Ti  (A^CuLi)  and  0'  (Al2Cu),  in  an  Al-  3% 
Cu-  2%  Li-  0.12%  Zr  alloy,  is  analyzed.  The  data  will  be  used  to  present  a  rationale  for  the  effect 
of  grain  boundary  misorientation  on  the  nucleation  of  plate  like  precipitates. 


EXPERIMENTAL 

The  experimental  alloy,  whose  composition  is  given  in  Table  2,  was  provided  by  the  Alloy 
Technology  Division  of  Alcoa  Laboratories,  Alcoa  Center,  PA. 


Table  2.  Composition  of  the  Experimental  Alloy  1 

Ii 

Cu 

Zr 

Fe 

Si 

Ti 

Al 

2.1 

2.9 

0.12 

0.06 

0.06 

0.01 

balance 

The  alloy  was  solution  treated  at  550*C  for  30  minutes  and  subsequently  aged  at  190*C  for  120 
hours. 

Specimens  for  transmission  electron  microscopy  (TEM)  were  prepared  in  a  twin-jet  electropolisher 
using  a  25%  nitric  acid  -75%  methanol  solution  at  -20°C  and  at  an  applied  potential  of  about  12V. 
After  perforation,  the  thin  foils  were  washed  in  a  steady  stream  of  ethanol  for  one  minute  and 
subsequently  examined  using  a  Philips  EM420T  at  120kV. 

Grain  boundary  misorientations  were  determined  using  a  low  camera  length,  convergent  beam 
electron  diffraction  (LCL-CBED)  technique  [9]which  employed  Kikuchi  lines,  centers  and  higher 
order  Laue  zones.  This  technique  yields  an  accuracy  of  better  than  0.5*. 


RESULTS 

In  general,  sub-boundaries  (arbitrarily  defined  as  9  <  1)  were  excellent  nucleation  sites  for  both  Ti 

and  9'.  Figures  2  a,b  are  Ti  and  9'  centered  dark  fields  (CDFs)  respectively  and  show  that  there 
is  a  high  number  density  of  these  plate  like  phases.  Reference  to  figure  2a  also  shows  that  the 
precipitates  on  the  sub-boundaries  often  tended  to  be  shorter,  but  thicker  than  the  incragranular 
precipitates.  As  the  misorientation  increased,  there  was  a  rapid  decline  in  the  number  density  of 


FIG  3.  Bright  field  (BF)/0'  CDF  images  of  precipitation  on  a  low  angle  grain  boundary,  a)  BF 
image.  Note  the  5’  precipitate  free  zone  at  C.  b)  0'  CDF  image.  Note  that  the  0'  habit 
plane  is  at  a  low  angle  io  the  grain  boundary  plane. 


FIG  4.  A  Ti  precipitate  on  a  triple  junction. 


both  the  T i  and  9’.  Figures  3a, b  are  a  bright  field/9'  dark  Field  pair  of  a  low-angle  grain  boundary 
for  which  the  misorientation  is  6.5°.  A  5'  preciptiate  free  zone  is  evident  at  C.  The  interganular  9' 
are  related  to  the  lower,  right-hand  grain  but  have  grown  predominantly  into  the  upper,  left-hand 
grain.  This  should  be  contrasted  with  precipitation  on  sub-boundaries  where  growth  appeared  to 
occur  equally  into  both  grains.  Reference  to  Figures  2-3  also  shows  that  the  angle  between  the 
habit  plane  and  the  local  boundary  plane  is  low. 

Ti  was  rarely  observed  on  high  angle  grain  boundaries;  one  of  those  occurrencies  is  presented  in 
the  Ti  centered  dark  field  image  of  figure  4.  The  single  Ti  precipitate  is  located  at  a  triple  junction, 
is  related  to  the  lower  grain,  and  has  grown  smoothly  into  the  other  two  grains.  Finally,  figure  5 
shows  another  high  angle  grain  boundary  and  several  T2  (Al6CuLi3)  precipitates  are  arrowed. 


DISCUSSION  AND  SUMMARY 

The  results  of  the  present  investigation  are  completely  in  agreement  with  the  earlier  investigation  of 
Vaughan  and  can  be  explained  in  exactly  the  same  fashion  i.e.,  nucleation  occurs  on  low  angle 
grain  boundaries  as  opposed  to  homogeneously,  due  to  the  reduction  in  strain  energy,  not 
interfacial  energy.  Hence,  as  the  angle  of  misorientation  increases,  the  strain  energy  of  the 
boundary  decreases  and  the  interfacial  energy  increases.  Consequently  the  nucleation  frequency  of 
both  9'  and  Ti  decreases. 

Returning  to  Park  and  Ardell's  paper  [6]  they  noted  that  for  low  angle  grain  boundaries: 

(i)  the  number  density  of  ti  precipitates  was  high; 

(ii)  the  rj  precipitates  were  plate  like; 

(iii)  the  number  density  of  the  T)  particles  decreased  as  the  angle  of  misorientation 
increased. 

Hence,  we  propose  that  the  major  reason  that  T|  precipitates  on  grain  boundaries  is  due  to  strain 
energy  considerations,  and  that  interfacial  energy  only  plays  a  secondary  role.  This  is  consistent 
with  the  fact  that,  in  common  with  9'  and  Ti,  intragranular  nucleation  of  the  r\  phase  occurs  on 
dislocations  (see  e.g.,  [10]). 

In  contrast,  we  believe  that  the  converse  is  true  for  the  fcc/bcc  systems  examined  by  Luo  and 
Weatherly  [7],  Monzen  and  Kitagawa  [8],  where  the  complex  semicoherent  nature  of  all  interfacial 
orientations,  e.g.,  see  [11]  would  favor  high  angle  grain  boundary  nucleation.  Again,  this  is 
consistent  with  the  findings  of  Monzen  and  Kitagawa  [8]  who  showed  that  low  angle  boundaries 
were  not  efficient  nucleation  sites. 

In  summary,  we  believe  that,  for  a  second  phase  particle  with  a  given  habit  plane,  if  strain  energy 
in  one  dimension,  perpendicular  to  the  habit  plane,  is  significant  enough  to  hinder  the  nucleation 
process,  then  low  angle  boundaries  will  be  better  nucleation  sites  than  high  angle  boundaries. 
Conversely,  if  strain  can  be  essentially  ignored,  high  angle  boundary  nucleation  will  be  favored 
over  low  angle  boundary  nucleation. 
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FIG  5.  BF  image  of  a  typical  high  angle  grain  boundary.  Only  T2  precipitates  (arrowed)  are 
found. 
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(Abstract) 

The  aluminum  alloy  8090  has  been  used  in  many  applications  because  of  its 
high  strength,  excellent  resistance  to  fatigue  crack  growth  and  good  plane-stress 
fracture-toughness.  With  the  addition  of  SiC,  the  strength  can  be  increased 
and  the  density  decreased.  Hence  an  8090  alloy  matrix  with  SiC  reinforcement 
has  potential  applications  in  aerospace  engineering. 

This  paper  will  focus  on  the  aging  behavior  of  the  8090-SiC  composite  by 
comparing  it  with  a  controlled  8090  alloy.  The  materials  have  been  aged  for 
times  up  to  20  hours  at  190*C.  The  mechanical  property  changes  as  a  function 
of  aging  time  have  been  monitored  by  microhardness-aging  time  curves 
(Figure  1).  Some  SEM  investigations  have  been  performed  to  document  the 
distribution  of  SiC  particles  and  the  extent  of  grain  boundary 
precipitation(Figure  2).  Based  on  the  different  thermal  expansion  between  the 
matrix  and  SiC,  the  matrix  structure,  e.g.  dislocation  density  is  affected  by  the 
addition  of  SiC.  In  addition,  the  interface  structure  between  the  matrix  and  SiC 
is  important  in  determining  the  properties  of  the  composite.  Hence, 
conventional  bright-field(BF)  and  centered  dark-field(CDF)  imaging  together 
with  weak-beam(WB)  imaging  will  be  presented  to  show  the  distribution  of 
both  dislocation  loops  and  "punched-out"  dislocations  in  the  as-quenched 
condition.  The  same  techniques  will  be  used  to  examine  how  the  interface 
changes  during  the  aging  process.  This  paper  will  give  an  evaluation 
concerning  the  dislocation  distribution  and  the  interfacial  structure  of  this 
composite. 
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Microhardness 


Figure  1  Aging  Kinetic  Curves 


Figure  2  SEM  Image  of  a  Polished  and  Etched  8090-SiC  Sample 

Aged  8  Hours  at  190*C 


